Introduction
Embryonic or fetal exposure to an imbalanced diet, environmental contaminants, dysendocrinia, and stress may structurally and functionally change an organism during adulthood (Godfrey and Barker, 2001; Roseboom et al., 2001; Lucyk and Furumoto, 2008; Rodríguez-González et al., 2012) . During fetal life, each organ has its own critical period of development, characterized by a high mitotic index (Widdowson and Mccance, 1975; Barker and Clark, 1997) . In a nutrient or oxygen deficiency state, the main fetal adaptation is the reduction rate of cell division, especially of those tissues or organs going through the critical period (Barker and Clark, 1997) . Restrictions in protein supply result in the preservation of physiology and basic protein metabolism over fetal growth and the absorption phenomena associated with development (Toledo et al., 2011) .
Testicular development in rats starts between 13.5 and 14.5 postconception days (Nef and Parada, 2000; Delbès et al., 2007) . Sertoli cells differentiate from the supporting cell lineage and proliferate during the fetal and perinatal period until approximately postnatal day 21 (Orth, 1982; Nef and Parada, 2000; Sharpe et al., 2003; Delbès et al., 2007) . Although the emergence of rats' fetal Leydig cells occurs between 14 and 14.5 dpc (days postcoitus), adult Leydig cells only differentiate around the second week of postnatal life, persist throughout the entire adult life, and maintain spermatogenesis (Lejeune et al., 1998; Ariyaratne et al., 2000; Mendis-Handagama and Ariyaratne, 2001; Chen et al., 2009) .
Thus, fetal and neonatal periods in rats are highly relevant to establish the final testicular size and adult sperm production. Disorders, such as dietary restrictions, during these periods may endanger reproductive activity in adulthood (Orth, 1993; Silva Junior et al., 2006; Rodríguez-Gonzáles et al., 2012) . This occurs because each Sertoli cell supports a fixed number of germ cells in a species-specific manner. Thereby, the number of Sertoli cells in maturation will determine the future sperm production (Hess and França, 2008) . Similarly, testosterone production necessary for spermatogenic initiation and maintenance of reproductive functions will depend both on the individual steroidogenic capacity of each Leydig cell as on cell number per testis (Benton et al., 1995; Ge and Hardy, 1997; Lejeune, 1998; Chen et al., 2009) .
Several studies show that it is possible to find reductions in sperm production and sperm quality and disturbances in gonadotropins and testosterone production due to energy and protein restrictions (Zambrano et al., 2005; Genovese et al., 2010; Toledo et al., 2011; Rodríguez-González et al., 2012) . However, few studies analyze in detail testicular parenchyma and testicular cells.
According to the 'thrifty phenotype hypothesis' , proposed by Hales and Barker (1992) , when intrauterine food supply is restricted, the fetus produces a predictive adaptive response and develops a physiology that maximizes uptake and conservation of nutrients. If nutrition continues to be restricted during life-time, the developmental changes confer a survival advantage to offspring. Following this line of thought, a restriction initiated after the onset of testicular development would have more severe effects than a restriction present since the formation of the gonad. Thereby, the current study investigates by quantitative and qualitative analysis the effect of a low protein diet during the testicular critical periods on immature and adult animals and determines which protein restriction period (prenatal, postnatal, or both) causes the greatest testicular damage.
Materials and methods

Experimental design
The protocol of this study was approved by Committee for Ethics in Animal Experiments (CEUA) of the UFPE, Recife, Brazil (23076.050993/2012-24 and 23076.057764/2014-01) , according to the National Institute of Health Guide for Care and Use of Laboratory Animals. Pregnant female Wistar rats (120 days old) were maintained under a dark/light cycle, with 55% humidity, at 23 ± 2 °C. The rats were housed in individual cages and received water and standard chow (Labina, Purina) ad libitum until day 10 of pregnancy. The animals were randomly divided into four experimental groups: control group (CG), with free access to normal protein diet with casein 17%, following recommendations by the American Institute of Nutrition (AIN) during pregnancy and lactation; prenatal undernourished group (PreUG), with free access to a low protein diet (casein 8%) during pregnancy and free access to a normal protein diet (casein 17%) from birth to weaning; postnatal undernourished group (PostUG), with free access to a normal protein diet (casein 17%) during pregnancy and free access to a low protein diet (casein 8%) from birth to weaning; undernourished group (UG), with free access to a low protein diet (casein 8%) during pregnancy and lactation. The diets were isocaloric and their compositions are given in Table 1 .
One day after birth, six newborns (males and females) were randomly chosen and left with the dam until weaning, at 21 days of postnatal life. On this day, eight males of each experimental offspring were weighed, heparinized by intraperitoneal injection (150 UI/100 g), and anesthetized with ketamine (50 mg kg ) by intramuscular injection. Blood was collected by cardiac puncture, centrifuged at 2500 rpm for 15 min for serum separation, and then stored for subsequent hormonal analysis. Testes were collected, weighed, sectioned, and fixed by immersion with 4% glutaraldehyde solution in a phosphate buffer (0.01 M and pH 7.2). The fragments were routinely processed by glycol methacrylate embedding The remaining male animals (8 animals per group) were fed the standard diet (Labina, Purina) until 90 days old. During the experimental procedures, the animals were housed in polypropylene cages in a room with controlled temperature (22 ± 2 °C) and an artificial reverse dark/light cycle (light period from 18 h to 6 h).
On postnatal day 90, the experimental offspring were weighed and anesthetized in the same way as previously explained. Blood was collected by cardiac puncture and the serum stored for subsequent hormonal assessment. The animals underwent cardiac perfusion with heparinized saline solution 0.9% (100 UI/100 mL) to clear the vascular system and subsequently with 4% glutaraldehyde solution in a phosphate buffer (0.01 M and pH 7.2). The testes were sectioned and postfixed by immersion with the same fixative solution. Further, the fragments were routinely processed by glycol methacrylate embedding medium (LEICA). The 4-µm thick fragments were stained with hematoxylin-floxin and analyzed morphologically and morphometrically.
Morphometric analysis
The gonadosomatic index (GSI = [testicular wet weight/ body weight] × 100) was calculated from body and testicular gross weights obtained on the day when the rats were euthanized. Testicular wet weight was obtained by subtracting 6.5% (relative to the albuginea) of the testicular gross weight (Russell and França, 1995) . GSI is a percentage ratio between testicle and body weight (Caldeira et al., 2010) .
Fifteen randomly selected cross-sections of seminiferous tubules with round or nearly round profile per animal were measured using a linear micrometer reticle (Olympus U-OCM 10 mm/100) magnified 100×. Tubular diameter, epithelium height, and lumen diameter were obtained by means of two diametrically opposite measurements. Volume density (%) of testicular components was obtained with point counting by systematic allocation through a micrometer reticule (Olympus U-OCMSQ 10 mm/100) with 441 intersections on a histological preparation of the testis magnified 400× (40× objective and 10× oculars). Fifteen fields were randomly counted, totaling 6615 points for each animal (Tenorio et al., 2010) . The volume of each testicular component, expressed in milliliters, was established from the product of the volume density (%), and testicular wet weight (mg) (Queiroz et al., 2013) . As the density of testis is approximately 1.03-1.04 (Rocha et al., 1999) , the testis weight was considered equal to its volume. The total length of seminiferous tubules (TLST) per testis, expressed in meters, was obtained by dividing the seminiferous tubule absolute volume (STAV) by r 2 (r = diameter/2) and π, following the formula (Tenorio et al., 2010) .
For immature animals, the testicular parenchyma was analyzed considering the lumen appearance in the seminiferous tubules. One hundred tubules were observed and classified into two categories, cords with no sign of lumen development and cords with lumen formation.
For adult animals, germ and Sertoli cells at stage VII of the seminiferous epithelium cycle (SEC) were counted in five round or nearly round cross-sections of seminiferous tubules, randomly chosen from each adult animal. All cell numbers were corrected for the nuclear diameter (germ cells) or nucleoli diameter (Sertoli cells) and the thickness of the histological sections, according to Abercrombie (1946) , modified by Amann (1962) . Only the Sertoli cells with clearly seen nucleoli were counted. The support capacity of Sertoli cells was determined by the ratio between the correct number of round spermatids and the correct number of Sertoli cells. The number of Sertoli cells per testis was obtained by the formula (Silva Junior et al., 2006) ,
TLST m slice thickness m CNSC # where NSC = number of Sertoli cells per testis; TLST = total length of seminiferous tubules (µm); CNSC = corrected number of Sertoli cells.
Nuclear volume of adult Leydig cells was obtained by the nuclear diameter of 50 round or nearly round nuclei per animal by the sphere volume formula (4/3πR 3 ). Volume density of Leydig cells nucleus/cytoplasm was obtained using point counting with 1000 points over cytoplasm and nucleus magnified 1000× (100× objective and 10× oculars). Cytoplasmic volume and nuclear volume were then calculated (cytoplasmic volume = % cytoplasm × nuclear volume/% nucleus; cellular volume = nuclear volume + cytoplasmic volume). Populations of Leydig cells per testis and per gram of testis were calculated by the volume of one Leydig cell and by the total volume of Leydig cells in the testis (Monteiro et al., 2012; Silva et al., 2014) .
The daily sperm production (DSP) per testis was obtained following Silva Junior et al. (2006) and Queiroz et al. (2013) Brown et al. (2004) .
Statistical analysis
All data were analyzed by ANOVA and Kruskal-Wallis test, according to normality, using SIGMASTAT for Windows 2.0. They were represented by mean and standard deviation; P < 0.05 was considered significant.
Results
Animals whose dams received the low protein diet during pregnancy (UG and PreUG) had at birth a 6.7% reduction in their body weight when compared to those animals whose dams were fed the normal protein diet (PostUG and CG). At weaning, PostUG and UG had progressive body weight reductions by about 36% compared to CG; however, PreUG had a recovery and did not differ from the control group. On postnatal day 30, body weight of PostUG and UG remained lower than that of CG, whereas PreUG had an almost 21% increase. Table 2 shows that, from day 40, UG had the lowest body weight gain. Between days 80 and 90, UG showed an average reduction of 23.5%, 16.8%, and 23.8% when compared to CG, PostUG, and PreUG, respectively. At 21 days old, PreUG, PostUG, and UG had reductions of 18.2%, 27.3%, and 36.4% in testicular weight, respectively, compared to the control group. For GSI, only PostUG had significantly higher values (Table 3) . For adult animals, the testicular weight of PostUG and UG were reduced compared to CG. UG had an increase in GSI compared to PostUG. Mean ± standard deviation. Different letters in the same row represent significant difference (P < 0.05). Mean ± standard deviation. Different letters in the same column represent significant difference (P < 0.05). Figure 1 shows the testis parenchyma of immature and adult Wistar rats. Low protein intake did not change the structure of the seminiferous tubule or the germinative epithelium at any age. No degree of testicular degeneration was registered.
For the 21-day-old animals, PreUG and PostUG had a reduction in tubular diameter compared to CG and UG (Table 4) . However, UG did not differ from CG. In tubular length and Sertoli cell population, only UG decreased compared to CG. In adult animals, the tubular diameter of PostUG and PreUG was decreased compared to UG. However, none of these groups differed from CG. UG had a 27% decrease in tubular length compared to PostUG and PreUG and a reduction of approximately 36% in Sertoli cell population compared to CG, PostUG, and PreUG. Serum testosterone levels at 21 days decreased approximately 38% in PreUG compared to both PostUG and CG, but the reduction observed in UG was not statistically significant.
For the adult animals, UG, PreUG, and PostUG had a respective reduction of 15.6%, 18.8%, and 25.2% in epithelium height compared to CG. UG had an increase in lumen diameter when compared to all experimental groups and both PostUG and PreUG were increased when compared to CG (Table 4 ). The diet with 8% protein during the critical period of testicular development (UG) caused a 26% reduction in sperm production compared to the other experimental groups. In addition, the sperm production per gram of testis also decreased 23.7% in UG when compared to PostUG.
At 21 days old, PostUG and UG had a seminiferous tubule volume reduction of around 33% compared to CG, and PreUG decreased 18.4%. In adult animals, the seminiferous tubule volume of UG decreased compared to all experimental groups, but the other protein restricted groups did not differ from the controls. The interstitium volume did not differ at any age (Table 5) .
There was no difference in the number of germ cells per cross section of seminiferous tubules in stage VII between the experimental groups, with the exception of round spermatids. They had a 15.3% reduction in UG animals when compared to CG. The number of Sertoli cells per cross section of seminiferous tubule in stage VII was reduced around 22.5% in PreUG and UG when compared to CG. Contrastingly, the support capacity of Sertoli cells was increased in PreUG when compared to CG (Table 6) .
For the immature animals, all four experimental groups had a testicular parenchyma formed by seminiferous tubules in different stages of tubular lumen development. CG, PreUG, and UG showed a larger amount of tubules with evident lumen; however, in the testicular parenchyma of PostUG, tubules without lumen formation were more frequent. Nevertheless, there was no significant difference (Table 7) .
The protein restriction during the both experimental periods (UG) caused a reduction of around 11% in the Leydig cells number compared to the group restricted only during the prenatal period (PreUG) and the control group. However, for the PostUG, the population of these cells decreased 36% compared to the same groups. The number of Leydig cells per gram of testis had no significant difference (Table 8 ). The nuclear volume was reduced 47% in both PreUG and UG compared to CG and 41% compared to PostUG. The cytoplasmic volume and cellular volume of Leydig cells in PostUG did not differ from CG; however, they were increased compared to UG and PreUG. Testosterone levels decreased 63.3% in PreUG when compared to CG. For UG, testosterone levels were reduced 23.3% compared to CG, but it was not statistically significant. Mean ± standard deviation. Different letters in the same column represent significant difference (P < 0.05). Mean ± standard deviation. Different letters in the same column represent significant difference (P < 0.05). 
Discussion
The reductions observed in body at birth due to protein restriction during prenatal life represent a delay in fetal development, in which the systemic adaptation changes the expression of the fetal genome and reduces cell division rates of tissues and organs (Engelbregt et al., 2000; Almeida, 2009 ). On day 21 of postnatal life, animals undernourished during lactation had the lowest body weight, which demonstrates a greater importance of proteins during the breastfeeding period in body growth than the intrauterine period. Similar results were observed by Zambrano et al. (2005) , Guzman et al. (2006), and Rodriguez-Gonzalez et al. (2012) . However, at the end of the experiment, only the undernourished group had a significantly lower body weight, despite the low body growth rate of the postnatal undernourished group. Since normal testicular weight varies little among individuals of the same species, it is used as an early evaluation of risks to the male reproductive system (Toledo et al., 2011; Rodriguez-Gonzalez et al., 2012) . According to França and Russell (1998) , testicular weight is important in andrologic evaluation and sperm production in mammals. The reductions in testicular weight observed in the current study corroborate Menendez-Patterson et al. (1985) and Zambrano et al. (2005) . Similar to body weight, animals undernourished during lactation had the lowest testicular weight, a fact also registered by Zambrano et al. (2005) .
Adult animals submitted to protein restriction had a proportional reduction in body and testicular weights, resulting in the maintenance of GSI values compared to the control group, as observed by Zambrano et al. (2005) and Toledo et al. (2011) . However, at the age of 21 days, protein restriction only during the breastfeeding period caused a bigger reduction in body weight than testis weight, increasing GSI values.
In lumen formation, PostUG and UG tended to have a higher number of seminiferous cords. This may represent a slight delay in Sertoli cell development during postnatal life and in testicular maturation, which occurs according to the nutritional status and body weight (Stoker et al., 2000; Harding et al., 2010) .
For the immature animals, the reduction in protein supply during both experimental periods (UG) reduced the length and volume of seminiferous tubules. As the seminiferous epithelium is formed by the associations of Sertoli cells and germ cells (Hess and França, 2008) , these reductions are directly related to the decrease in Sertoli cell population. The restriction during only one period (PreUG and PostUG) reduced tubular diameter and volume. However, these reductions were not enough to cause a significant decrease in the population of Sertoli cells. In adult animals, although the tubular diameter of the undernourished group did not decrease, there was an increase in lumen diameter, which caused a reduction in seminiferous epithelium height. This reduction, together with the decrease in tubular volume and length, reflects the reduced number of Sertoli cells and round spermatids.
The reduction in protein supply during all the period of Sertoli cell proliferation (intrauterine and postnatal life) decreased the number of Sertoli cells per cross section and per testis in the undernourished group at both ages. The protein restriction may have affected directly the rate of cell divisions due to the reduced availability of amino acids and through decreases in hormone levels (Barker and Clark, 1997; Caron et al., 2012) . According to Léonhardt et al. (2003) , male pups food-restricted during intrauterine and postnatal life had a decrease in circulating levels of FSH. Furthermore, Rae et al. (2002) observed that undernourished male fetuses have a lesser response to GnRH injection, probably from a reduced pituitary sensitivity to GnRH. FSH is the main mitotic factor for Sertoli cells (França et al., 2005) and alterations in its serum levels may modify the final population of these cells (Sharpe et al., 2000) . Thus, the reductions in the number of Sertoli cells observed in the undernourished group may also have been caused by a decrease in FSH concentration.
Despite the decrease in the number of Sertoli cells per cross section, adult animals submitted to protein restriction during prenatal life did not have a reduction in the population of Sertoli cells due to the maintenance of tubular length and tubular volume. However, Toledo et al. (2011) observed that the number of Sertoli cells was reduced only after protein restrictions during intrauterine life.
In prenatal undernourished animals, the Sertoli cells start their development in an environment with low protein availability due to the diet provided to the pregnant rats. However, with the restoration of protein levels in diet at birth, the Sertoli cells, programmed to develop in a deficient environment, increased their proliferation in the postnatal period. Although rats' postnatal life has a lower Sertoli cell proliferative rate than intrauterine life, the period of cell division is longer (21 days) (Delbés et al., 2007) . Consequently, the animals may restore the final population of Sertoli cells.
According to Takashiba et al. (2011) , the number of germ cells, especially round spermatids, is the best indicator of sperm production. Protein restriction during intrauterine and postnatal life affected the number of round spermatids per cross section, daily sperm production, and daily sperm production per gram of testis. On the other hand, in a study by Melo et al. (2014) , protein restriction during intrauterine and postnatal life was not enough to reduce the number of round spermatids. Only animals submitted to protein undernutrition from intrauterine life until adulthood had a higher spermatid loss during the meiotic phase.
The number of Sertoli cells is a determinant factor to establish sperm production in the adult animals (Sharpe, 1994) . Thus, changes in their number, structure, or function may damage the seminiferous epithelium and impair spermatogenesis (Sharpe et al., 2000) . The reduction in the number of Sertoli cells observed in animals undernourished during all the proliferative period of these cells is directly related to the decrease in daily sperm production. Toledo et al. (2011) reported decreases in the number of Sertoli cells and in daily sperm production in rats fed a low protein diet only during intrauterine life.
The Sertoli cells' capacity to support round spermatids, also known as Sertoli cell index, increased in animals undernourished only during the intrauterine period. According to França et al. (2005) , Sertoli cell index reflects the functional efficiency of these cells and is relatively flexible within a certain limit for the species. As discussed previously, the decrease in the number of Sertoli cells per cross section in the prenatal undernourished group did not cause a significant reduction in Sertoli cell population. Moreover, the increase in Sertoli cells' support capacity may be the result of an adaptive mechanism to conserve the animals' daily sperm production.
On day 21 of postnatal life, the testicular interstitial tissue is populated by fetal Leydig cells, which appear around 14 dpc and differ morphologically and functionally at 15.5 dpc (Lejeune et al., 1998; Ariyaratne et al., 2000; Mendis-Handagama and Ariyaratne, 2001; Chen et al., 2009) . Thus, for the prenatal undernourished group and the undernourished group, this differentiation occurred in a low availability of protein environment and resulted in low testosterone production.
For the adult animals, the lactation period was highly important for the establishment of Leydig cell population due to the differentiation of adult Leydig cells, which begins approximately on the second week of postnatal life (Mendis-Handagama and Ariyaratne, 2001) . Thus, the population of Leydig cells per testis decreased in animals submitted to protein restriction only during lactation and during the intrauterine and lactation periods.
In the current study, the decrease in the number of Leydig cells of the postnatal undernourished group did not affect serum testosterone. This fact may be explained by an increase in cytoplasmic and Leydig cell volumes. According to Ewing et al. (1979) , Zirkin et al. (1980) , Mendis-Handagama et al. (1988) , and Navarro et al. (2004) , the steroidogenic capacity of Leydig cells is directly related to the amount of smooth endoplasmic reticulum, and cytoplasmatic and cellular volume are more important than the number of cells.
According to Teixeira et al. (2007) , rats whose dams were submitted to protein restriction during lactation had an increase in serum and testicular testosterone. The authors suggested an adaptive mechanism of Leydig cells against the disorders caused by protein restriction.
For the undernourished group, there was a decreasing trend in testosterone levels, followed by the same trend in cytoplasmic and cellular volume. On the other hand, prenatal protein restriction did not reduce the number of Leydig cells, although the cytoplasmic and cell volume decreased. These reductions resulted in lower testosterone production.
At both ages, the protein restriction during just one period (prenatal undernourished group and postnatal undernourished group) caused testicular impairment, but it did not affect final sperm production in adulthood. On the other hand, reduced protein supply during both periods decreased important parameters such as Sertoli cell population, tubular volume and, consequently, sperm production. Therefore, in this study, even if the protein restriction has occurred from the beginning until the end of testicular development, these animals had more severe effects on the testicular activity in adulthood than animals whose restriction was initiated after the initial development.
